Extracellular Signal-Regulated Kinase 7, A Fast Evolving Map Kinase Under Positive Selection, Is Associated With Multiple Levels Of Honeybee Behavioral Plasticity by Ebaugh, Jason D.
  
 
 
 
EXTRACELLULAR SIGNAL-REGULATED KINASE 7, A FAST EVOLVING MAP  
KINASE UNDER POSITIVE SELECTION, IS ASSOCIATED WITH MULTIPLE  
LEVELS OF HONEYBEE BEHAVIORAL PLASTICITY 
 
 
 
 
 
BY 
 
JASON DANIEL EBAUGH 
 
B.A., University of Minnesota, Twin Cities, 2000 
 
 
 
 
 
 
DISSERTATION 
 
Submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy in Neuroscience 
in the Graduate College of the 
University of Illinois at Urbana-Champaign, 2009 
 
 
 
 
Urbana, Illinois 
 
Doctoral Committee: 
 
Assistant Professor Charles Whitfield, Chair 
Professor David Clayton 
Professor Mark Nelson 
Assistant Professor Justin Rhodes 
 
  
ii 
 
ABSTRACT 
 
Extra cellular response kinase 7 (Erk7) is a mitogen-activated protein kinase. 
Studying behavioral plasticity in honeybees led to my initial interest in Erk7. A previous 
gene expression profiling study implicated Erk7 as a candidate gene in honeybee 
behavioral plasticity. My work has built upon and extended these initial findings. Honey 
bee workers exhibit a hierarchical organization of behavioral plasticity in which long-
duration, age-related and socially modulated states are characterized by specific 
repertoires of short-duration behaviors. Young workers (hive bees) perform tasks at the 
hive center including brood-care (nursing) and leave the hive for short training 
(orientation) flights. Older workers (foragers) collect water, nectar and pollen to 
provision the hive. Erk7 protein regulation is associated both with long-duration 
behavioral state, and with specific, short-duration behavior. Erk7 protein occurs in the 
bee brain in phosphorylated form and has an additional modification that is susceptible to 
N-glycanase. I have demonstrated that Erk7 is expressed throughout the honeybee brain. 
Light and vision are important components of honeybee behavioral plasticity. Therefore, 
I tested the hypothesis that the optic-lobes are the location of the circuitry in which 
behaviorally associated regulation of Erk7 is occurring. I found that the optic lobes are 
not the location of behaviorally associated regulation of Erk7. Additionally, I have shown 
that Erk7 is a rapidly evolving Map kinase which is under positive selection in the 
Drosophila and mammalian lineages. Hence Erk7, a gene associated with behavioral 
plasticity in individual honeybees, also underlies evolutionary plasticity in diverse 
lineages.  
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CHAPTER 1 
INTRODUCTION 
 
Abstract 
Extra cellular response kinase 7 (Erk7) is a mitogen-activated protein kinase. 
Studying behavioral plasticity in honeybees led to my initial interest in Erk7. A previous 
gene expression profiling study (Whitfield et al., 2003) implicated Erk7 as a candidate 
gene in honeybee behavioral plasticity. My work has built upon and extended these initial 
findings to the protein level. I have shown that regulation of Erk7 is associated with 
multiple levels of hierarchical behavioral plasticity. It is associated both with long-
duration behavioral state, and with specific, short-duration behavior. Light and vision are 
important components of honeybee behavioral plasticity. I have tested the hypothesis that 
the optic-lobes are the location of the circuitry in which behaviorally associated 
regulation of Erk7 is occurring, and demonstrated that Erk7 is expressed throughout the 
honeybee brain. Additionally, I have shown that Erk7 is a rapidly evolving Map kinase 
which is under positive selection in Drosophila and mammalian lineages. Hence Erk7, a 
gene associated with behavioral plasticity in individual honeybees, also underlies 
evolutionary plasticity in diverse lineages.  
 
Linking changes in behavior to alterations in its physiological substrate: 
An integrative study of behavioral plasticity    
The first requirement for studying behavioral plasticity is an experimental model 
system which exhibits behavioral changes. Honeybee workers have a rich and robust 
behavioral life history with stark differences in behavior over an individual’s life time. A 
genuine understanding of behavioral plasticity requires an integrative explanation of the 
causal link between these behaviors and their physiological substrate. The overt behavior 
of honeybees is the result of effecter organs such as muscles being directed by neural 
circuits. These circuits are comprised of cells. All processes and functioning of cells is 
manifested through a complex and dynamic orchestra of molecules and their interactions. 
 Nestler (2001) has put forth a framework to study behavioral plasticity which 
asks three questions. What molecular and cellular changes underlie behavioral changes? 
What is the cascade of molecular and cellular events which establishes and maintains 
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these changes? In what ways are neural circuits altered by these changes that ultimately 
result in a change in complex behavior? This framework has guided my investigation of 
behavioral plasticity in the honeybee as I have addressed the first two questions. It also 
provides a very useful basis for understanding and organizing the body of work on which 
I have built.  
  
The honeybee is a model system for studying behavioral plasticity 
Honeybees are a very powerful model for studying behavioral plasticity. In the 
course of her life time, an individual worker honeybee’s behavior is organized 
hierarchically. At a general and overarching level, workers undergo a developmental 
progression of long-duration hormonal states with accompanying behavioral phenotypes. 
At a subordinate level of organization, each long-duration phenotype has a suite of more 
specific, short-duration behaviors. These long-duration behavioral states have been 
described through exacting behavioral study (Seeley, 1982). These states have distinct 
brain gene expression profiles (Cash et al., 2005; Whitfield et al., 2006; Whitfield et al., 
2003). The major divisions in the organization of behavior throughout a workers life-time 
are designated as “hive-bee” and “forager” Initially, adult workers exhibit the hive-bee 
phenotype, and perform tasks within the hive. Hive-bees do briefly leave the hive to take 
“orientating” flights, in which they fly in the vicinity of the hive’s entrance and 
presumably learn its orientation in relation to the surrounding environment (Capaldi et 
al., 2000). Typically, workers are hive-bees for two to five weeks. They then undergo a 
transition in long-duration hormonal state which is concurrent with a change in 
behavioral phenotype. As “foragers”, they cease all hive-bee tasks, and exhibit a new 
suite of behaviors involving gathering resources for the colony. They leave the hive to 
collect pollen, nectar, or water. Upon returning, they hand what they have collected off to 
a receiving bee. They may “dance” to communicate the location of resources to other 
foragers (Winston, 1987). In addition to a dramatically different behavioral repertoire, the 
forager state entails a circadian rhythm of activity (Bloch et al., 2002) and positive 
phototaxis (Ben-Shahar et al., 2003; Menzel and Greggers, 1985). 
 Juvenile hormone (JH) is a developmental pacemaker in the honeybee, 
functioning to initiate many of the changes that occur with the behavior maturation into 
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foraging. Hive-bees have low levels of circulating JH. Immediately prior to the onset of 
foraging, JH levels rise, then remain elevated indefinitely (Jassim et al., 2000; Robinson 
and Vargo, 1997). Administering a JH analogue induces precocious foraging in young 
bees (Robinson, 1985). 
 JH itself, and hence its effects on behavioral development, is regulated through an 
interplay with the yolk precursor protein vitellogenin. Elevated levels of either one 
repress the level of the other. In hive-bees, elevated vitellogenin keeps JH titers low. As 
part of the transition to the forager state, vitellogenin synthesis is down regulated. JH 
levels rise and the worker becomes a forager. The elevated JH in foragers repress 
vitellogenin synthesis, contributing to the ongoing maintenance of the forager state 
(Amdam and Omholt, 2003; Guidugli et al., 2005; Marco Antonio et al., 2008; Pinto et 
al., 2000).     
 The neurotransmitters octopamine, serotonin, and dopamine are higher in the 
antennal lobes of foragers than those of hive-bees (Schulz and Robinson, 1999). There is 
an expansion of synapse number and overall volume in one glomerulus (T1-44) of the 
antennal lobe (Brown et al., 2004). Administering octopamine induces precocious 
foraging and modulates the effects of pheromones and social contact on the onset of 
foraging (Scheiner et al., 2002; Schulz et al., 2002). There is an outgrowth of dendritic 
spines in the mushroom body neuropil as a result of foraging experience. This outgrowth 
occurs as an addition to an age-related dendritic expansion (Farris et al., 2001). The for 
gene codes for a cGMP dependant protein kinase (PKG). In Drosophila, two different 
alleles of this gene cause different foraging-related behavioral phenotypes (Osborne et 
al., 1997). In honeybees, there is more for mRNA in forager brains than in hive-bee 
brains. Increasing PKG activity induces precocious foraging in young bees (Ben-Shahar 
et al., 2002). Malvolio (mvl), a gene encoding a manganese transporter, affects sucrose 
responsiveness in Drosophila (Rodrigues et al., 1995). In bees, mvl mRNA levels are 
higher in forager brains than in hive-bee brains. Treating bees with manganese increases 
their sucrose responsiveness and induces precocious foraging in young bees (Ben-Shahar 
et al., 2004). Two pheromones have been found that are relevant to behavioral plasticity 
in the honeybee. Ethyl oleate, a component of brood pheromone, delays the onset of 
foraging in young bees (Leoncini et al., 2004). Queen mandibular pheromone delays the 
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onset of foraging, and has been shown to regulate gene expression (Grozinger et al., 
2003). 
 A key attribute which makes the honeybee such a good model system for 
behavioral plasticity is its extreme behavioral robustness. The differences between the 
forager and hive-bee behavioral phenotypes are qualitative and blatant. This reduces the 
ambiguity involved in measuring and categorizing behavior. The hormonally directed, 
long-duration behavioral plasticity of the honeybee entails stark and unique differences 
between different behavioral phenotypes. This offers advantages over measuring a single 
quantitative trait between behavioral phenotypes with otherwise nearly complete overlap. 
As described above, the behavioral life-history of an individual honeybee worker is 
organized hierarchically. This attribute has allowed me to associate molecular differences 
with behavioral differences at both the level of long-duration, hormonally-mediated state, 
and also the level of short-duration behavior. Such particularly precise and nuanced 
associations are a real and unique strength of this model system. This is work is presented 
in chapter two.   
 
Erk7 is a candidate gene for honeybee behavioral plasticity 
A microarray study of gene expression in the honeybee brain between hive-bees 
and foragers measured the expression level of approximately 5500 genes. Thirty-nine 
percent of these genes have mRNA abundance differences associated with behavioral 
state (Whitfield et al., 2003). Erk7 (a mitogen activated protein kinase (MAP kinase)) 
was the best predictor of behavioral phenotype in individual bees out of all genes tested. 
Erk7 mRNA abundance is greater in foragers, regardless of age or foraging experience 
(Whitfield et al., 2006). Furthermore, administering a JH analogue to hive-bees (which 
induces precocious foraging) upregulates Erk7 mRNA (Whitfield et al., 2006). These 
results indicate that Erk7 mRNA expression is related directly to behavioral state, rather 
than being a consequence of behavior or its accompanying environmental effects or 
sensory stimuli. 
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Erk7, an atypical MAP kinase 
Erk7 was first reported in the malaria parasite P. falciparum. It was published 
separately, but concurrently as Pfmap-1 by Doerig et. al (1996) and PfMRP by Lin et. al 
(1996). The amount of work that has been published on Erk7 since is limited. Therefore, 
it is feasible for me to review it here in its entirety. Following a complete review of Erk7, 
I show how my work has discovered how changes in Erk7 are associated with behavioral 
changes. Furthermore, Erk7 may also be important in evolutionary plasticity. Erk7 is a 
MAP kinase. The mitogen activated protein kinases are a super-family of serine/threonine 
kinases that are present in all eukaryotes. They are core parts of the cellular machinery 
for integrating signals arriving at the cell membrane. The classic MAP kinase pathway is 
a 3-enzymes cascade of phosphorlyzation. MAP kinases are activated by MAP kinase 
kinases (MAPK kinase) which are themselves activated by MAPK kinase kinases 
(MAPKK kinase). Members of the MAP kinase family which follow this classic pathway 
are called conventional MAP kinases. Those MAP kinases which are not activated by a 
MAPK kinase are called atypical MAP kinases (Coulombe and Meloche, 2007). A major 
and well established MAP kinase function is the control of gene expression programs 
(Yang et al., 2003).  
  Erk7 is an atypical MAP kinase. In fact, in the Plasmodium genome, there is an 
Erk7 ortholog (Pfmap-1), but extensive bioinformatic analysis has shown that there are 
no MAPK kinase homologues (the proteins which activate MAP kinases) present (Ward 
et al., 2004). Erk7 has a long c-terminal domain. This domain is present in all Erk7 
orthologs identified, yet its sequence is not conserved (Chapters 2 and 4). In rats, this 
domain is required for activation. Erk7 localizes to the nucleus whether activated or not. 
This is in contrast to Erk1/2, which translocate to the nucleus when activated. It has a 
putative NLS in its c-terminal tail, and requires its tail for nuclear localization (Abe et al., 
1999).  
Erk7 is constitutively activated, and auto-phosphorylates intramolecularly in rats 
(Abe et al., 2001). As shown in the human ortholog expressed in cell culture, almost all 
its activity is dependent on its activation site threonine being phosphorylated. Erk7 
retains nearly total activity when its activation site tyrosine is unphosphorylated, as long 
as the threonine remains phosphorylated.  When only the tyrosine is phosphorylated, 
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almost all activity is lost. However, the tyrosine residue must be phosphorylated in order 
for Erk7 to auto-phosphorylate the threonine. The activity of Erk7 is regulated by protein 
phosphotases, which dephosphorylate the activation site threonine. The tyrosine is left 
phosphorylated, enabling Erk7 to autoactivate (Klevernic et al., 2006). It was shown in 
rats that Erk7 turns over rapidly through degradation in the ubiquitin-proteosome 
pathway. Therefore, Erk7 mRNA expression levels are likely a factor regulating Erk7 
activity (Kuo et al., 2004). 
 While it was reported that human Erk7 has little basal activity, as opposed to the 
substantial basal activity of rat Erk7 (Abe et al., 2002), subsequent work has complicated 
the issue. When rat Erk7 is expressed in a cell line derived from human breast tissue, it 
loses its basal activity (Henrich et al., 2003). When human Erk7 is expressed in an insect 
derived cell line, or in bacteria, it has substantial basal activity (Klevernic et al., 2006). It 
is probable that the low basal activity of human Erk7 is not an inherent property. It is 
likely a consequence of the cellular context in which it is expressed.  
RET is a receptor tyrosine kinase. Its signaling cascade strongly induces jun 
expression. Erk7 is activated in the RET signaling pathway, and mediates RET’s effect 
on jun expression. Removing Erk7 kinase activity substantially, but not completely, 
inhibits jun expression due to RET signaling. RET activation of Erk7 is mediated by Abl. 
Erk7 co-immunoprecipitates with both RET and Abl, suggesting that the three are 
involved in a multi-protein complex (Iavarone et al., 2006). Serum and Src are also 
indirect activators of Erk7 (Abe et al., 2002). While Src induces Erk7 activation, and 
RET signaling activates Src, RET activation of Erk7 is independent of Src. 
Hic-5 is a co-activator of the androgen receptor (AR) and the glucocorticoid 
receptor (GR). Erk7 binds with Hic-5. Erk7 down regulates GR-α transcriptional activity 
through its association with Hic. This is independent of Erk7’s kinase activity (Saelzler et 
al., 2006). Erk7 also enhances the degredation of an estrogen receptor (ERα). This effect 
is dependent on Erk7’s kinase activity (Henrich et al., 2003).  
There are additional finding relevant to Erk7’s function. Erk7 inhibits the growth 
(DNA synthesis) of cells in culture. This effect is not dependant on activation, but does 
require the presence of the c-terminal tail (Abe et al., 1999). Also, Erk7 associates with a 
protein (CLIC3) which is involved with chloride transport (Qian et al., 1999). 
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 All previous biochemical studies on Erk7 have been done on either rat or human 
Erk7. They have differences unexpected for MAP kinase orthologs in species with their 
degree of relatedness. Their sequence identity of 69% (82% if only the kinase domain is 
considered) is lower than that of other MAP kinases. They also differ in substrate 
specificity. The transcription factors Myc and Fos are in-vitro substrates for rat Erk7, but 
not human Erk7 (Abe et al., 2002). This structural and functional divergence was 
doubtlessly facilitated by the rapid pace of Erk7 evolution (Chapter 4).  
 Despite these findings, nothing is known about Erk7 function in higher level 
processes, such as development or behavior. 
 
Importance and contribution of this work 
 I have investigated the molecular changes which underlie behavioral changes in 
honeybee behavioral plasticity. I sought to discover what differences in Erk7 underlie the 
behavioral differences of the forger and hive-bee behavioral phenotypes. As reported in 
chapter two, Erk7 brain protein abundance is higher in foragers than in hive-bees. This 
association alone does not address the question of what Erk7’s role is in implementing 
behavioral state. How far downstream is Erk7 activity from the internal hormonal and 
external environmental factors which determine behavioral state? In an example of a case 
on the extreme end of the possibilities, JH receptors would transduce their activation 
directly through Erk7, which would then direct gene expression programs which 
implemented behavioral state. A possibility on the opposite extreme, Erk7 is not involved 
with implementing or organizing behavior, but is involved in a homeostatic response to a 
stressor encountered during foraging. My work excludes this possibility. As described in 
chapter two, Erk7 abundance is associated directly with long-duration, hormonally 
mediated behavioral state, and not external stimuli or behavioral experience. These 
findings support the case that Erk7 serves in some way to couple hormonal and external 
mediators of behavioral state to the physiological realization of that state. A third 
possibility, perhaps not exclusive of a causative role, is that Erk7 facilitates the forager 
state. Perhaps Erk7 is involved with an attribute that is required for foraging, such as 
spatial cognition, or physiological competency (flight, environmental stresses) for 
foraging. This work (Chapter 2) is the first to suggest a role for Erk7 in behavior.  
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As a fortuitous consequence of the hierarchical structure of honeybee behavior, I 
have been able to investigate behavioral plasticity at different levels. I have compared 
long-duration, hormonally-mediated forager and hive-bee states, and also short duration 
behaviors being performed by individuals in the hive-bee state. This has set the stage for 
further questions relevant both to study of behavioral plasticity generally, and those with 
relevance more specific to honeybee biology. I compared Erk7 abundance in hive-bees 
that were nursing brood, and hive-bees that were performing orientation flights. 
Differences in Erk7 whole-brain protein abundance occur with respect to both long-term 
behavioral state (hive-bee and forager) and also in respect to a specific, short-duration 
behavior (nursing and orientating in hive-bees). Erk7 abundance was greater in bees 
performing orientation flights than in those nursing brood. This indicates that Erk7 
regulation is associated with multiple levels of honeybee hierarchical behavioral 
plasticity. Stated more generally, a single molecule is being regulated in respect to 
multiple aspects of behavior. Given the degree to which pleiotropy occurs, this may be 
indicative of a general phenomenon and a model for other molecules involved in 
behavioral plasticity in other contexts. 
An alternative to the pleiotropic interpretation above, Erk7 may be involved with 
a process that foraging and orientating share in common. Both foraging and orientation 
involve flight, spatial learning and navigation. Perhaps Erk7 directs gene expression 
related to the competency for flight or mechanism of learning. Additionally, foraging and 
orientating both involve processing visual stimuli. Perhaps Erk7 regulation is associated 
with vision. I have used this hypothesis as a starting point for investigating how changes 
in Erk7 alter neural circuits, and ultimately change complex behavior (Chapter 3).  
A complete integrative understanding of behavioral plasticity entails linking 
changes in molecules to changes in neural circuits, which in turn produce changes in 
behavior. As described in chapter three, I have made a start on addressing this issue by 
testing the hypothesis that the upregulation of Erk7 in foragers occurs primarily in the 
optic lobes. I found that Erk7 is expressed in all the major regions of the honeybee brain. 
Furthermore, contrary to the hypothesis of a vision-related function, the optic lobes are 
not the location in which Erk7 upregulation is occurring (Chapter 3). This work will help 
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support and direct future investigations into what neural circuits are altered in order to 
make a hive-bee a forager. 
 
Erk7 underlies evolutionary plasticity 
My work, following on previous work by others, is uncovering a possible link 
between behavioral plasticity and evolutionary plasticity. For example, different naturally 
occurring alleles of the gene for underlie different behavioral phenotypes in Drosophila. 
One allele results in the Rover phenotype. As larva, Rover’s locomote over a wide area, 
in order to forage broadly. The other allele results in the Sitter phenotype. These 
individuals locomote much less, and forage in a more restricted area (Osborne et al., 
1997). Different environmental conditions favor one phenotype over the other 
(Sokolowski et al., 1997). As such, for undergoes adaptive evolutionary change (Kaun et 
al., 2007). Given that for underlies differences in behavioral phenotype between 
individuals in Drosophila, Ben-Shahar et al.(2002) examined the honeybee ortholog 
(amfor) for an association with the hive-bee to forager transition within individual worker 
bees. They found that amfor expression is upregulated in foragers over hive-bees. Thus, a 
gene which underlies evolutionary plasticity in populations of Drosophila is associated 
with behavioral plasticity in individual worker honeybees. 
Like amfor, Erk7 is associated with behavioral plasticity in individual worker 
honeybees. Therefore, I hypothesized that Erk7 underlies evolutionary plasticity. 
Phylogenic analysis revealed that Erk7 is a fast-evolving Map kinase. Furthermore, a test 
for selection found that Erk7 was under positive selection in both Drosophila and 
mammalian lineages (Chapter 4). Hence Erk7, a gene associated with behavioral 
plasticity in individual honeybees, also underlies evolutionary plasticity in diverse 
lineages.  
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CHAPTER 2 
ERK7 PROTEIN IS ASSOCIATED WITH MULTIPLE HIERARCHICAL LEVELS OF 
BEHAVIORAL PLASTICITY IN THE HONEYBEE BRAIN 
 
Abstract 
Identification of the molecular changes that underlie behavioral differences 
occurring at different time scales is necessary for an integrative understanding of 
behavioral plasticity. Honeybee workers exhibit a hierarchical organization of behavioral 
plasticity in which long-duration, age-related and socially modulated states are 
characterized by specific repertoires of short-duration behaviors. Young workers (hive 
bees) perform tasks at the hive center including brood-care (nursing) and leave the hive 
for short training (orientation) flights. Older workers (foragers) collect water, nectar and 
pollen to provision the hive. It was previously shown that Extracellular signal-regulated 
kinase 7 (Erk7) mRNA is elevated in the brains of foragers relative to hive bees. Here I 
characterize Erk7 protein and examine its regulation in both long- and short-duration 
behavioral plasticity. Erk7 protein occurs in the bee brain in a phosphorylated form and 
has an additional modification that is susceptible to N-glycanase. Consistent with results 
for mRNA, Erk7 protein is more abundant in brains of foragers than hive bees. Erk7 
protein levels were not associated with exposure to light, acute flight or foraging activity, 
or previous foraging experience, indicating that protein differences were not a 
consequence of behavior or extrinsic stimuli. I also observed differences associated with 
a short duration behavior: hive-bees that were orienting showed higher Erk7 whole-brain 
protein abundance than those that were nursing. Taken together, these results indicate an 
association between Erk7 in the honeybee brain and different hierarchical levels of 
behavioral organization, and suggest a possible role for Erk7 in behavior. 
 
Introduction 
An integrative explanation of behavioral plasticity entails understanding the 
molecular and cellular differences which underlie behavioral changes, how these 
differences are initiated and maintained, and how they alter the neural circuits which 
ultimately generate changes in complex behavior (Nestler, 2001). I have investigated the 
molecular basis of behavioral plasticity in the honeybee worker, whose complex social 
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life and behavioral ontogeny offers a powerful model for studying both long duration 
behavioral (hormonal) states and their associated short-duration behaviors. 
In the course of her life time, a worker honeybee’s behavior is organized 
hierarchically. Workers undergo a developmental progression through a series of states 
that are characterized by specific behavioral repertoires (Seeley, 1982) as well as specific 
glandular, hormonal, and brain gene expression profiles (Cash et al., 2005; Whitfield et 
al., 2006; Whitfield et al., 2003). Immediately after eclosion, workers engage almost 
entirely in cell cleaning activity. The first few days of life involve extensive changes in 
brain neural structure (Farris et al., 2001), brain gene expression (Whitfield et al., 2006), 
hardening of the cuticle and enlargement of the hypopharyngeal gland (used to generate 
brood food), and a broadening behavioral repertoire. This includes tending the queen, 
feeding brood (“nursing”) and periodic “orientation” flights outside the hive. Orientation 
flights are presumably important in learning the hive’s position relative to other features 
in environment (Capaldi et al., 2000). Although these bees do not engage in foraging 
activity, their behavioral repertoire changes over time to include hive-periphery tasks 
such as comb-building, nectar receiving and entrance guarding. Under typical colony 
conditions, a bee will undergo its most profound behavioral transition at about 2 – 3 
weeks, maturing from hive bee to forager. Foragers leave the hive to collect pollen, 
nectar, or water. Upon returning, they pass what they have collected off to a receiving bee 
and sometimes dance to communicate the location and quality of resources to other 
foragers (Winston, 1987). The transition from hive bee to forager is mediated by an 
abrupt decrease in the blood protein vitellogenin that is coupled (via a mutual repressor 
mechanism) to an increase in circulating juvenile hormone (Amdam and Omholt, 2003), 
which is known to promote transition to the forager state (Jassim et al., 2000; Robinson 
and Vargo, 1997). These changes are associated with differences in the expression of a 
large subset of genes in the brain (Whitfield et al., 2003), many of which may be targets 
of juvenile hormone (Whitfield et al., 2006). 
Previous work established the honey bee ortholog of extracellular response kinase 
7 (Erk7; GB11031) as a particularly promising candidate in regulating behavioral 
plasticity. First, in microarray analyses of 120 individual worker brains (Whitfield et al., 
2006; Whitfield et al., 2003), expression of the gene Erk7 was one of the best single 
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predictors of state (hive-bee or forager) irrespective of worker age or genotype. Second, 
Erk7 mRNA was upregulated by the juvenile hormone analog methoprene (Whitfield et 
al., 2006), suggesting that it may be a target of juvenile hormone. Third, elevated Erk7 
mRNA in forager brains is not dependent on flight, light stimuli, or actual foraging 
activity (Whitfield et al., 2006).  
Erk7 is a member of the mitogen activated protein kinase (MAP kinase) family. 
Members of the MAP kinases family are ubiquitous components of the cellular 
machinery for integrating signals arriving at the cell membrane, affecting a wide array of 
biological processes including behavioral plasticity (Sweatt, 2004). However, the role of 
Erk7 remains unknown. Several studies have investigated Erk7 activation and substrate 
specificity in mammals (Abe et al., 2001; Abe et al., 1999; Henrich et al., 2003; Iavarone 
et al., 2006; Kuo et al., 2004), but have not implicated Erk7 in any specific biological 
process. Furthermore, although Erk7 orthologs are present in Drosophila and 
Caenorhabditis, functional studies have yet to be conducted in these model systems. Here 
I investigate Erk7 protein in the bee brain and its association with two hierarchical levels 
of behavioral plasticity: long duration behavioral state exemplified by the transition from 
hive-bee to forager, and short duration behavior (within state) exemplified by hive-bees 
engaged in either nursing or orienting behavior. 
 
Methods  
Bee Collections 
 Hive-Bee/Forager collections: The bees (Apis mellifera L.) used in this study 
were maintained at the University of Illinois Bee Research Facility by standard 
beekeeping procedures. Honeycomb frames containing larval progeny of a queen 
inseminated by a single drone were incubated at 33C and 95% humidity. The progeny 
from such a queen are highly (75%) related because a drone’s gametes are genetically 
identical. As bees emerged over a 2-3 day period, they were marked with a dot of paint 
on their thorax. Colonies of 1500-2000 such workers, and a normally inseminated queen, 
were set up. This is a “single-cohort” colony. It differs from a typical colony in that all 
the workers are of the same age. In a typical colony, the foragers would be older than the 
nurses (Robinson et al., 1989). When a subset of workers began foraging reliably 
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(~7days), bees were collected into liquid nitrogen, based on observed behavior. Hive-
bees were collected as they fed brood, while foragers were collected as they returned to 
the hive with pollen loads. These collections allowed a comparison of hive-bees and 
foragers, while controlling for age and genotype. Collected bees were stored at -80C. 
Orientating Behavior in Hive-Bees. Three single-cohort colonies comprised of 
progeny from single-drone-inseminated queens were established. 500-700 returning 
foragers from another typical hive were vacuumed directly into each colony with an 
attached portable vacuum cleaner (Giray and Robinson, 1994). The presence of these 
adult foragers prevented the onset of precocious foraging, which normally occurs in 
colonies without foragers. As they followed their developmental progression, a subset of 
bees began to take orientation flights.   
From the first hive, orientating hive-bees, and two groups of hive-bees caring for 
brood, were collected. One group was collected in-hive, under red-light. Frames were 
removed from the hive and placed in direct sunlight for 10 minutes. Another group of 
hive-bees, nursing while exposed to sunlight, were collected from these frames. All these 
bees were 7 days old when collected.  
Orientating hive-bees and hive-bees caring for brood in the dark (red light) were 
collected from the second hive. These bees were 7 days old. From the third hive, bees 
caring for brood in the dark and after exposure to sunlight were collected. The bees in the 
collection were 14 days old. 
Given the age of the bees, and the number of adult foragers that were added to the 
experimental hives, previous work (Huang and Robinson, 1996) has demonstrated that 
the bees collected flying outside the hive were almost certainly orientating hive-bees, and 
not foragers. Furthermore, all of the hive-bees collected had prominent hypopharyngeal 
glands present when they were dissected. These glands are atrophied in foragers 
(Winston, 1987).  
 Foragers without foraging experience: A single-cohort-colony of workers whom 
were progeny of a single-drone-inseminated queen was established.  A plastic gate, 
2.5cm think, was put over the hive’s entrance. In it were drilled twelve holes (radius = 
2.5cm), arranged equal distance apart in a circular pattern. A small bead was glued to the 
back of 400 1-day old bees. The bead prevented these bees from fitting through the holes 
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in the entrance’s gate. Hence, these bees were prevented from leaving the hive. Bees 
without a bead glued to their back exited the hive through the holes. Bees prevented from 
leaving the hive develop into “presumptive-foragers”. They are in the forager state, but 
they lack any foraging related experience. (Withers et al., 1995). The hive’s entrance was 
shaded to prevent the sun from shinning in.  
At 14 days, foragers were collected as they returned to the hive. The plastic gate 
was removed and shading was taken-away from the entrance to allow sunlight in. 
Presumptive-forager bees immediately began exiting the hive, and were promptly 
collected. The hive was opened under red light (which bees cannot see) and nursing hive-
bees were collected.  
 Active and inactive foragers: Comb containing larvae laid by a typical queen was 
removed from a hive and put in an incubator. Bees emerging over three days were paint 
marked white and returned to their colony. After thirty days, those marked bees returning 
from foraging trips were marked again with a spot of red paint. At 5 AM the next 
morning, double marked bees were collected from the hive. At this time of day, foragers 
have not yet begun to forage. At 9 AM the same morning double marked bees returning 
from foraging were collected. This collection separated the actual act of foraging (and its 
related stimuli) from the larger foraging phenotype. It did this while maintaining equal 
amounts of foraging experience among the bees.  
 
Antibodies  
 Two rabbit antibodies to Erk7, targeting different sequences, were generated by 
Bio-Synthesis, Inc., (Antibody 1 sequence NH2-(GC)ANQAGSSNRDKLRRNNK-
COOH, Antibody 2 sequence NH2-(GC)SMMDEKHRKHKNMSKSRI-COOH,). 
Activated Erk7 was detected with Anti-ACTIVE MAPK pAb (pTEpY), from rabbit 
(Promega). Active Qualified rabbit secondary antibody (Promega) was used to detect 
binding of these antibodies. Alpha-tublin was detected with a commercially available 
anti-body (BioLegend) and mouse secondary antibody (Amershaw).  
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Enzymes 
 Dephosphorylization of Erk7 was accomplished with calf intenstinal alkaline 
phosphatase (New England Bio Labs), on 4 pooled macerated brains, in PBS, incubated 
at 37C. A Glyco Enzymatic deglycosylation kit (Prozyme) was used to remove N-linked 
glycans (N-glycanse) from Erk7, and to test for the presence of other types of 
glycosylation. The manufacturer’s instructions were followed with some modifications. 
For N-glycanse reactions, 1ul of enzyme was used in 45ul macerated tissue, with an 
incubation time of 5 minutes.   
 
Western Blotting 
Whole honeybee heads were partially freeze-dried at -80C and 0.705 torr for 25-
50 minutes. Samples were kept on dry ice as their brains were dissected out. Whole 
honey bee brains were macerated in 50 ul phosphate buffered saline 1:100 phosphotase 
inhibitor (EMD Chemicals) and 1:100 protease inhibitor (Sigma). The macerate was 
mixed 1:1 with lameli buffer with 1:20 BETA-mercaptoethanol. Samples were ran in 
SDS-electrophoresis on 10% polyacrylamide gels.  Proteins were transferred from gels to 
nitrocellulose paper. Blots were blocked with BSA and probed with primary anti-bodies 
relevant to the particular experiment. For quantification of Erk7, gels were first probed 
for alpha-tublin, then the same blot was reprobed with Erk7 antibody. This was done 
because Erk7 antibody detects a band at the same size as alpha-tublin. If the two 
antibodies were probed simultaneously, the Erk7 antibody band would interfere with 
quantification of the alpha-tublin band. Anti-body concentrations were: Active MapK 
1:1000, Erk7, 1:5000, and alpha-tublin 1:5000. Blots were probed in 1:5000 active 
qualified rabbit secondary antibody (Promega), or 1:5000 anti-mouse secondary antibody 
for blots probed for alpha-tublin. Bound anti-bodies were detected with 
chemiluminescence (Amershaw) exposure of film (Kodak). Protein concentration was 
determined directly from exposed films with densitometric analysis. Relative protein 
abundance was measured as a ratio to alpha-tublin loading control.  
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Northern Blotting 
 Northern blot analysis was performed on RNA harvested from brains of worker 
bees with a standard kit (RNeasy, Qiagen). A DNA probe was generated with PCR 
(Forward primer:ATCTTCGACGCCTTCAGAAA, Reverse primer: 
TGTCTAAGTCCAGAATCAGGCG). This probe was radiolabeled with  [alpha-
32P]dCTP (Perkin Elmer) using the Prime-It II Kit (Stratagene). The northern blot 
procedure was done with the NorthernMax kit (Ambion). The probed blot was used to 
expose film (Kodak BioMax MS) in a cassette with built in intensifier screens (Kodak X-
Omatic Regular) at -80C for 48 hours.  
 
Statistical Analyses 
On any given blot, equal numbers of hive-bees or foragers (or at most 1 additional 
individual of either treatment) were loaded in alternating lanes. Erk7 concentration was 
determined for each individual bee by the ratio of Erk7 to the loading control (alpha-
tublin). Ratios were normalized within western blot by dividing each individual 
Erk7:alpha-tublin ratio by the average Erk7:alpha-tublin ratio for all the hive-bees on that 
blot. Comparisons between hive-bee and forager for each hive were made by combing 
this normalized data 
 
Results  
Erk7 mRNA and Protein    
 Current findings, taken together with previous data on Erk7 mRNA (Whitfield et 
al., 2006; Whitfield et al., 2003) indicate a strong associated with long duration 
behavioral state (hive-bee versus forager), and suggest that it is regulated by juvenile 
hormone (a causal factor) rather than being a consequence of foraging-associated 
experience or stimuli. 
The identity of honeybee Erk7 was established by comparison to other Erk7 
orthologs (Figure 2.1A). Reciprocal BLAST (pblast, refseq proteins) searches were done 
with human, mouse, and rat Erk7 protein sequences. The respective genomes were 
blasted with the honeybee protein sequence (GB11031). The best match from that search 
was then blasted on the honeybee genome, which in each case returned honeybee Erk7 as 
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the best match. Phylogenetic analysis (data not shown) indicated an orthologous 
relationship between GB11031 and a single ERK7-like protein in 15 species with 
complete or near-complete genome sequences    
 A DNA probe was used in northern blot analysis of honeybee brain mRNA to 
determine what Erk7 isoforms are present in the brain. It detected a single band, at ~2000 
base pairs (Figure 2.1A), which agrees with the size predicted from the genomic 
sequence (2241 b.p.), and indicates that this is the main isoform present in brain. An 
antibody specific to Erk7 (Figure 2.1B) consistently detected bands of 130 and 50 kda in 
western analysis. A second Erk7 antibody raised to a unique epitope also detected a band 
at 130 kda, as well as several additional bands not seen by the first antibody. A 
commercially available anti-body against activated Map kinases detected a band at 130 
kda as well (see below). Thus three antibody’s raised against unique epitopes within 
Erk7’s sequence all detected a band of 130 kda apparent size. This larger than predicted 
size (75 kda) indicated that a post-translational modification of Erk7 was probable. 
 
Erk7 is Phosphorylated 
Western blot analysis of brains with an anti-body against the phosphorylated Map 
kinase activation sequence detected a band at 130 kda.  
To further test that Erk7 is phosphorylated, I subjected brain samples to 
phosphotase treatment (Figure 2.2). Activated Map kinase anti-body did not detect the 
130 kda band in the samples that were treated with phosphotase. The untreated samples 
retained the band. An Erk7 antibody saw the 130 kda band in both phosphotase treated 
and untreated samples. This strongly supports that Erk7 occurs in activated, i.e. 
phosphorylated, form in the honeybee brain.  
 Activated Map kinase antibody detected two additional bands between 37 and 50 
kda. These bands were not detected in samples that had been treated with phosphotase. It 
is probable that these bands represent Map kinases other than Erk7.  
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Erk7 has a Post-Translation Modification that is Susceptible to N-Glycanase  
 To account for the large apparent size of the 130 kda Erk7 band, I investigated 
glycosylation. Treatment with N-glycanase eliminated the 130 kda band (Figure 2.3). 
Treatment with salidase a, or O-glycosidase both failed to eliminate the band.  
 The apparent size of the Erk7 band is consistent with N-glycosylation. 
Additionally, sequence analysis (not shown) determined that honeybee Erk7 has 11 
potential N-glycosylation sites (Figure 2.1D). 
 
Erk7 Abundance  is Associated with Different Levels of Behavioral Plasticity 
Erk7 regulation is associated with broad behavioral phenotype. Erk7 protein 
abundance is greater in foragers than in hive-bees. (Figure 2.4B. hive 1 and 2, P<0.01; 
hive 3, P<0.05; All three hives combines, P<0.001). This is consistent with previously 
findings regarding Erk7 gene expression (Whitfield et al., 2003).  
Following a strategy of dissecting larger behavioral phenotypes into more specific 
behaviors, I made collections of hive-bees caring for brood and hive-bees flying in 
orientation flights. Erk7 protein abundance is greater in orientating hive-bees than in 
those caring for brood (Figure 2.4C. hive 1 P<0.05, hive 2 P<0.05. P<0.01 for combined 
data from both hives). 
 
Erk7 Abundance is not Associated with Exposure to Sunlight, Foraging Activity, or 
Previous Foraging Experience. 
 Orientating bees are exposed to sunlight, while bees caring for brood typically are 
not. To test if exposure to sunlight accounted for the difference in Erk7 abundance, I 
compared hive-bees caring for brood in the dark with those doing so while exposed to 
sunlight. Mean whole-brain Erk7 abundance was not higher in hive-bees exposed to 
sunlight (Figure 2.5A. P>0.05 for hive 1, 3, and combined data), though a small trend 
does seem to be apparent. Therefore, exposure to sunlight cannot account for the 
upregulation of Erk7 in hive-bees performing orientating behavior.    
Erk7 protein upregulation in foragers is not due to something involved with the 
act of foraging itself. Foragers collected during a time of day (5 AM) when they are not 
actively foraging did not have higher (P>0.05) mean Erk7 abundance than foragers 
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actively foraging 4 hours later (Figure 2.5B). Nor can Erk7 protein abundance be 
accounted for by foraging experience. Hive-restricted foragers, which had no foraging 
experience, did not have higher Erk7 abundance than bees that had been foraging 
regularly. Furthermore, both of these groups had greater Erk7 abundance than the 
colony’s hive-bees (Figure 2.5C. P<0.01, ANOVA). 
 
Discussion 
In order to study the molecular basis underlying behavioral plasticity in the 
honeybee, I have investigated Erk7. Other members of this gene family have been 
extensively studied in multiple contexts, and are extremely important in mechanisms of 
behavioral plasticity. Much less work has been done on Erk7. While neither its direct 
activators nor substrates are known, some characterization of the molecule has been done. 
Erk7 inhibits the growth of cells in culture. This function is dependent on the presence of 
the c-terminal tail, but not on Erk7’s kinase activity (Abe et al., 1999). Erk7 protein turns 
over rapidly, and is degraded in the ubiquitin-proteosome pathway (Kuo et al., 2004). In 
humans, Erk7 is activated by serum and downstream of signaling by c-Src (Abe et al., 
2002) and RET (mediated by c-Abl) (Iavarone et al., 2006). It is constitutively active 
(Abe et al., 1999) and auto-phosphorylates (Klevernic et al., 2006). It is present in breast 
tissue, where it regulates the degradation of an estrogen receptor (Henrich et al., 2003), 
and in lungs, where it binds with Hic-5, to mediate transcriptional down regulation of a 
glucocorticoid receptor (Saelzler et al., 2006).  I continued this characterization in the 
honeybee. I have shown here that, as in humans and mice, it occurs in activated 
(phosphorylated) form.  
In the honeybee, Erk7 has a post-translational modification which is susceptible to 
removal by N-glycanase. Typically, this would suggest N-glycosylation, in which one or 
more asparagine residues have an oligosaccharide bound to their amide nitrogen. These 
post-translational modifications occur at N-glycosylation sequences (Asn-X-Thr/Ser, 
X<>Pro). I searched for potential N-glycosylation sites in the protein sequences of the 
Erk7 orthologs of honeybees and several other model species. Honeybee Erk7 has 11 
potential N-glycosylation sites (Figure 2.1 D). The red-flour beetle (Tribolium 
castaneum) has six, and Drosophila melanogaster has five. In contrast to the insects, no 
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mammal examined had more than one site, with most having none. When the Erk7 
ortholog (Pfmap-1) in the malaria parasite (Plasmodium falciparum) was first reported 
(Lin et al., 1996), a band of approximately 150 kd  was detected in western blot analysis.  
This is larger than the predicted size of 100 kda. This is comparable to the situation I 
have encountered in the honeybee.  The honeybee Erk7 is predicted to be 75 kda, yet an 
Erk7 specific antibody detects a band at 130 kda (Figure 2.1C). I searched the Pfmap-1 
sequence for potential N-glycosylation sites and found six of them. It is likely the Pfmap-
1 has a large apparent size because it has the same post-translational modification as 
honeybee Erk7 does.  Claims of cyto or nucleo-plasmic N-glycosylation have been 
controversial (Varki and Chrispeels, 1999). The case which had the most experimental 
support is the high mobility group proteins. However, Medina and Haltiwanger (1998) 
have refuted these claims. Given the literature, honeybee Erk7 as an N-glycosylated cyto 
or nucleoplasmic protein seems unlikely, but there is a very important caveat. All 
previous work was done on mammalian cells. Perhaps there are N-glycosylated 
intracellular proteins in insect cells, and honeybee Erk7 is the first demonstration of this. 
Alternately, perhaps some Erk7 orthologs (honeybee and Plasmosium) span the 
membrane, and the c-terminal tail is extracelullar and N-glycosylated. I was unable to a 
find a transmembrane region using computational analysis. The best transmembrane 
prediction methods have a false-negative rate of around 3% (Martelli et al., 2003). 
Therefore, I have not completely ruled out the possibility that honeybee Erk7 is a 
transmembrane protein. I have shown that honeybee Erk7 has a postranslational 
modification that is susceptible to N-glycanase. Further study on this issue may lead to 
interesting and novel observations with relevance wider than the original scope of this 
work. 
In course of her lifetime, a worker transitions through long-duration hormonal 
states. Initially bees have lower level of the developmental place-maker juvenile 
hormone. Typically, after around three weeks, JH levels rise. For the remainder of her 
life, a worker bee’s JH titer remains at an elevated level. Each of these hormonal states 
(low and high JH titers) has an accompanying behavioral phenotype. I refer to the 
behavioral phenotype associated with the intial low JH levels as "hive-bee". The 
behavioral phenotype which follows hive-bee after JH levels elevate is designated as 
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"forager". Honeybee behavior is organized hierarchically in that the broad, long-duration 
behavioral phenotypes are comprised of repertoires of more specific, short-duration 
behaviors. I have shown that Erk7 abundance is associated with both levels of this 
hierarchy. Erk7 abundance is associated with long-duration behavioral phenotype. Erk7 
brain protein abundance is higher in foragers than in hive bees. Erk7 abundance is also 
associated with more specific, short-duration behavior. Among hive-bees, Erk7 brain 
protein abundance is greater in bees that are taking orientation flights, than those that are 
caring for brood.   
I have also shown the Erk7 abundance is not associated with extrinsic stimuli or 
behavioral experience. Foragers that were actively foraging did not have greater Erk7 
abundance than foragers that were inactive. Thus, the upregulation of Erk7 in foragers 
cannot be attributed to an acute response to foraging related sensory stimuli. Likewise, 
experienced foragers did not have greater Erk7 abundance than hive-restricted foragers, 
which lacked any foraging experience. Therefore, the upregulation of Erk7 in foragers 
cannot be attributed to chronic effects of foraging activity or exposure to foraging related 
sensory stimuli. Regarding hive-bees, the upregulation of Erk7 in bees taking orientation 
flights over those caring for brood cannot be a response to sensory stimuli. Hive-bees 
caring for brood on frames which had been removed from the hive and placed directly in 
sunlight did not have higher Erk7 abundance than hive-bees caring for brood within the 
dark environment of the hive. However, a trend which did not reach statistical 
significance is present.  
I have demonstrated that the regulation of Erk7 protein abundance is associated 
with multiple levels of honeybee behavioral plasticity. Differences in Erk7 whole-brain 
protein abundance occur with respect to both long-term behavioral state and also in 
respect to a specific, short-duration behavior. 
The question of Erk7’s actual role in honeybee behavior remains open. 
Ultimately, changes in complex behavior result from changes in neural circuits (Nestler, 
2001). From this follows questions which further work must address. What is the 
function of Erk7 in the cells in which it is present? What is the function of these cells in 
the neural circuits of which they are part? What is the function of these neural circuits in 
relation to honeybee behavior? When the preceding questions have been addressed, then 
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we may perhaps understand how the changes in Erk7 abundance reported here are related 
to behavioral plasticity in honeybees.  
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CHAPTER 3 
ERK7 IS EXPRESSED IN ALL MAJOR REGIONS OF THE HONEYBEE BRAIN 
 
Abstract 
Linking changes in behavior to changes in neural circuits is part of an integrative 
understanding of behavioral plasticity. Light, and its perception, is an important 
component of honeybee behavioral plasticity. In the course of her lifetime, a worker 
honeybee changes from the hive-bee behavioral phenotype, to the forager behavioral 
phenotype.  Hive-bees reside mainly in the darkness of the hive, while foragers routinely 
leave the hive. The change in long-duration behavioral state from hive-bee to forager 
includes a change in phototaxis. Hive-bees take short orientation flights are in which they 
observe the entrance to the hive to learn its orientation in the environment. Erk7 is 
upregulated both in hive-bees performing this visually directed behavior, and after the 
transition to the foragers visually intensive behavioral phenotype. Therefore, the optic 
lobes are potentially the site of Erk7s upregulation. A broad survey of Erk7 protein found 
that Erk7 is located throughout the brain, including the optic-lobes. I quantified Erk7 
mRNA abundance in the optic lobes of hive-bee and foragers. The optic lobes are not the 
location in which behaviorally associated upregulation of Erk7 is occurring. This work is 
an important first step in directing future studies and achieving an integrative 
understanding of behavioral plasticity in the honeybee. 
  
Introduction 
An integrative understanding of behavioral plasticity entails linking changes in 
behavior to changes in neural circuits and the molecules which comprise, facilitate, and 
regulate them.  Light, and its perception, is an important component of honeybee 
behavioral plasticity. The transition in behavioral phenotypes from hive-bee to forager 
includes a change from neutral (or perhaps weakly negative) photo-taxis to strongly 
positive photo-taxis (Ben-Shahar et al., 2003; Menzel and Greggers, 1985). Foraging 
itself involves vision based behaviors such as navigation and flower discrimination. This 
is in contrast to the behavioral repertoire of hive-bees, which occurs predominantly in the 
darkness of the hive (Winston, 1987). Erk7 is upregualted in the brains of foragers over 
hive-bees. Hive-bees do leave the hive to take orientation flights,  in which the worker 
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learns the hive’s orientation within its surroundings (Capaldi et al., 2000). Erk7 is 
upregulated in the brains of hive-bees performing this visually directed behavior. 
Determining the particular circuitry in which behaviorally associated Erk7 
upregulation occurs will provide insight into how changes in Erk7 activity underlie 
changes in behavior. Given visions role in honeybee behavioral plasticity, I tested if the 
optic lobes were the site of Erk7s upregulation. I measured Erk7 mRNA abundance in 
hive-bee and forager brains, and specifically in the optic lobes. Previous work (Chapter 
2) on Erk7’s upregulation in orientation had been done on protein. The switch from 
protein to mRNA is justified by two lines of evidence. In mammals, Erk7 has been shown 
to both be constitutively active and regulated by protein turnover (Kuo et al., 2004). 
Hence, protein level follows mRNA level. Furthermore, this has been shown directly in 
honeybees, where upregulation of Erk7 in foragers over hive-bees occurs with both 
mRNA and protein (Chapter 2). Contrary to my hypothesis, the optic lobes are not the 
location in which behaviorally associated upregulation of Erk7 is occurring. 
 
Methods 
Experiment 1 
Two forager brains were dissected into optic lobe, central complex, mushroom 
body, and antennal lobe portions. Each portion was ran in a lane on a polyacrimide gel 
and processed through western blotting, performed as in chapter 2. Blots were probed 
with Erk7 anti-body 1 and a rabbit secondary antibody.  
 
Experiment 2 
Colonies comprised of age-staged progeny of a single-drone-inseminated queen 
were set up. Returning foragers and nursing hive-bees were collected (Chapter 2). Brains 
were removed and the optic lobes were separated from the rest of the brain. Total RNA 
was isolated using the Rneasy kit (Qiagen), and converted into cDNA with the Quantitect 
reverse transcription kit (Qiagen). 
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Quantitative Real time PCR 
Erk7 cDNA levels were used as a measure of Erk7 mRNA levels with real-time 
quantitative PCR (qRT-PCR) by the 2
-Ct
 technique (Livak and Schmittgen, 2001). qRT-
PCR was carried out in 386 well plates read in an ABI Prism 7900 sequence detector. 
Individual wells contained the cDNA sample, forward and reverse primers, and syber 
green (Applied Biosystems). Each sample was ran in triplicate. The gene elf-S8 was used 
as a loading control because its expression does not differ between hive-bees and foragers 
(Whitfield et al., 2003, supplemental material). Primer sequences were as follows. Erk7 
forward: CGTTCGCCAATCACGACAACATCA,  Erk7 reverse: 
AGGTCCTTCAGGATCTTGCCCTTT, elf-S8 forward: 
GATGATAATTGGGCAGTCGATGT, elf-S8 reverse: 
CCCCGTCTGTCAAGTCCTGTA. 
15 brains were analyzed from hive-bees, and 15 were analyzed from foragers. 
Optic-lobes were analyzed separately from the rest of the brain. Data from one hive-bee 
optic-lobe sample and two forager optic-lobe samples were discarded due to errors in 
processing the samples. 
 
Results 
Experiment 1 
There is Erk7 immuno-reactivity throughout the honeybee brain. Specifically, Erk7 was 
detected in the optic lobes, central complex, mushroombodies, and antennal lobes (Figure 
3.1). The bands corresponding to the antennal lobes are faint. This very likely reflects 
that these structures are comprised of less tissue than the other structures compared.  
 
Experiment 2 
The optic lobes are not the structure in which the upregulation of Erk7 in foragers is 
occurring. Foragers and hive-bees have comparable Erk7 mRNA abundance in their 
optic-lobes (Figure 3.2A). When comparing the rest of the brain without the optic lobes, 
Erk7 mRNA is more abundant in foragers than in hive-bees (figure 3.2B, P=0.01).  
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Discussion: 
I have coarsely localized Erk7 in the honeybee brain. I have shown that it is 
present in at least some cells of the optic lobes, central complex, mushroom body, and 
antennal lobes of worker bees.  
 Different brain regions are associated with different behavioral functions. 
Therefore, knowing where ERK7 is expressed is useful to direct inquiry into Erk7’s role 
in behavior. I have shown that ERK7 is expressed in multiple locations throughout the 
brain in both foragers and hive-bees. Perhaps it functions in whole suites of behaviors, or 
coordinates long-duration behavioral states. If Erk7 is upregulated in a specific region of 
foragers’ brains, knowing this could give further clues to Erk7s specific role in the 
forager behavioral phenotype. Upregulation in forager antennal lobes would suggest a 
role in sensory guided behavior. Hive tasks and foraging require different motor-
programs (i.e. working flowers and dancing done only by foragers). Expression in the 
central complex would suggest that ERK 7 has a role in coordinating motor output. 
Honeybee foragers exhibit very robust associative learning. Mushroom body expression 
would be consistent with this role. Expression in the subesophageal ganglia would be 
consistent with a role involving a food directed behavior like foraging.   
Complex behavior ultimately results from changes in neural circuits. What is the 
molecular basis of these changes in circuitry (Nestler, 2001)? To answer this question, we 
must first know which particular circuitry is relevant. Despite the importance of vision to 
honeybee behavioral plasticity, the optic lobes are not the location in which behaviorally 
associated upregulation of Erk7 is occurring. The particular brain region, or if it is a 
brain-wide upregulation, remain open questions. This work is a first step in answering 
these questions, and therefore it is an important contribution to an integrative 
understanding of behavioral plasticity in the honeybee. 
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Figure 3.1. Erk7 is expressed throughout the honeybee brain. Two individual forgaer brains were
dissceted into optic lobes (OLs), central complaex (CC), mushroom bodies (MBs), and antenal lobe 
(ALs) regions. An immunoreadive Erk7 band was detected in each brain region. Ladder denotes 
mass in kilodaltons.
37
00.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
0
0.2
0.4
0.6
0.8
1
1.2
1.4
Hive-bee ForagerHive-bee Forager
Optic Lobes Rest of Brain
N.S.
*
Figure 3.2. Erk7 upregualtion is not occurring primarily in the optic lobes. A) Erk7 mRNA abundabce in 
hive-bee and forager optic lobes. Bars represent mean Erk7 abundance. Error bars represent standard 
errors. Numbers on bars represent the number of individual bees in the group. N.S. = not signicant. 
Values normalized to hive-bee. B) Erk7 mRNA abundance in the rest of the brain of the hive-bees and 
foragers. * P=0.01, student t-tests. 
14 13 1515
A) B)
38
 39 
 
CHAPTER 4 
ERK7 IS A FAST EVOLVING MAP KINASE UNDER POSITIVE 
SELECTION 
 
Abstract 
 The Map kinase Erk7 is associated with behavioral plasticity in individual worker 
honeybees (Chapter 2). Phylogenic analysis firmly establishes Erk7s orthology, which is 
even further supported by a shared intron structure between arthropods and vertebrates. 
Erk7 is evolving more rapidly than any other Map kinase, even when considering only its 
“conserved” serine/threonine kinase domain region. It ubiquitous c-terminal region is 
diverging even more quickly, with no observed similarity between distant taxa. Testing 
for positive selection revealed that Erk is undergoing adaptive evolutionary change in the 
Drosophila and mammalian lineages. Honeybee Erk7 has a post-translational 
modification which is susceptible to N-glycanase (Chapter 2). I searched for potential N-
glycosylation sites on diverse Erk7 orthologs. The phylogenic distribution of these sites 
suggests that their presence is the ancestral condition, and that this modification was lost 
in the mammalian lineage. These results suggest that Erk7 is associated with both 
behavioral plasticity and evolutionary plasticity.  
   
Introduction 
Previous work suggests a possible link between behavioral plasticity and 
evolutionary plasticity. Two different naturally occurring alleles of the gene for in 
Drosophila underlie different behavioral phenotypes in larval flies. One allele results in 
the Rover phenotype. Rovers locomote over a wide area, in order to forage broadly. The 
other allele results in the Sitter phenotype. These individuals locomote much less, and 
forage in a more restricted area (Osborne et al., 1997). Rover is favored in conditions of 
patchy food areas and high population density. Sitter is favored when the environment 
features uniform food availability and low population density (Sokolowski et al., 1997). 
As such, the for gene gene undergoes adaptive evolutionary change (Kaun et al., 2007). 
Ben-Shahar et al. (2002) tested the hypothesis that the honeybee ortholog (amfor) is 
associated with the change in behavioral phenotype of individual worker bees in the hive-
bee to forager transition. They found that amfor expression is upregulated in foragers 
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over hive-bees. Thus, a gene which underlies evolutionary plasticity in populations of 
Drosophila is associated with behavioral plasticity in individual honeybees. 
I have previously established that, like amfor, the Map kinase Erk7 is associated 
with behavioral plasticity in individual worker honeybees (chapter 2). I show here that 
Erk7 also underlies evolutionary plasticity in diverse lineages. 
Erk7, like the Map kinase genes Erk3 and Erk5, is a big Map kinase. A big Map 
kinase is one with a long c-terminal extension which follows the protein kinase domain.  
In Erk7, this c-terminal extension is much less conserved between orthologs than the 
protein kinase region.  The transition between a conserved N-terminal region and an 
unconserved C-terminal region can be identified in any Erk7 ortholog as the location 
along the protein in which conservation among the Erk7 sequences drops off rapidly. 
Erk7 is present in almost all animals. I have found an Erk7 ortholog in every 
species in which I have looked except for the mosquito species Anopheles gambiae  and 
Aedes aegypti. I have demonstrated that it is present throughout the animal lineage, 
including vertebrates, arthropods, and nematodes. I have analyzed Erk7 orthologs in three 
phyla within this kingdom. An Erk7 ortholog has also been reported in the protists as well 
(Doerig et al., 1996; Lin et al., 1996). A large c-terminal extension is ubiquitous among 
all these genes, although no sequence similarity is observed across phyla. 
Erk7 is the fastest evolving gene among the Map kinases and it is under positive 
selection in the mammal and Drosophila lineages. It is diverging so quickly that, after 
initially being discovered in rats (Abe et al., 1999), the human ortholog was found, but 
believed to be a unique gene (Abe et al., 2002), and so misnamed Erk8. When Erk7 could 
not be found in humans, and no Erk8 ortholog could be identified in rats, it was apparent 
that Erk8 was the human ortholog of Erk7 (Kuo et al., 2004). My work establishes this 
orthology in a formal phylogenic analysis. Despite the apparent lack of constraint on its 
divergence, Erk7 had persisted throughout evolution. Erk7 is a fast-evolving Map kinase 
which underlies evolutionary plasticity in diverse lineages.  
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Methods 
Phylogenetic and sequence analysis 
 A phylogenic tree was constructed of the protein kinase regions of the Map kinase 
genes NEMO, Erk1, Erk3, Erk5, Erk7, MOK, JNK, and p38 (the isoform corresponding 
to α in mice). Five pairs of species were selected from linages throught the animal 
radiation, given ten species analyzed in total. Species included were M. musculus (gene 
order as above: NP_032728, NP_036082, NP_056621, NP_035971, NP_808590, 
NP_03610, NP_057909, NP_036081), H. sapiens (AAH64663, CAA42744, NP_002739, 
NP_620602, NP_620590, NP_055041, NP_620635, NP_620581), T. rubripes (mRNA 
sequence, 556657, 707607, mRNA sequence, 570127, no ortholog, 618960, mRNA 
sequence), D. rerio (XP_691913, NP_958915, XP_684840, XP_692716, NP_001018581, 
no ortholog, NP_57179, NP_571797), C. elegans (NP_001022808, NP_497847, no 
ortholog, no ortholog, NP_741165), C. briggsae (XP_001665883, CAP37985, no 
ortholog, no ortholog, XP_001666389), N. vitripennis (XP_001605071, deposit 
forthcoming, no ortholog, no ortholog, XP_001603564, no ortholog, XP_001605523, 
deposit forthcoming),  A. mellifera (XP_394432, XP_393029, no ortholog, no ortholog, 
XP_392445, no ortholog, GB16401, GB15606), D. melanogaster (NP_729319, 
NP_001104348, no ortholog, no ortholog, NP_727335, No ortholog, NP_72354, 
NP_732959), and D. virilis (XP_002048311, XP_002052382, no ortholog, no ortholog, 
XP_002055342, no ortholog, GJ21884, GJ14531).  
Unless noted otherwise, gene orthologs were found by using BLASTP on refseq 
proteins of the respective database at NCBI. A known orthogolous sequence was used as 
a query. Nasonia Erk1 and p38 orthologs were built manually. TBLASTN was used on 
whole shot genome at NCBI with the appropriate Apis ortholgs for queries. The predicted 
exons were stitched together, using the alignment of orthologs from several species as a 
guide. Takifugu NLK, p38, and Erk5 were found with TBLASTN on Takifugu genome 
assembly 4.0, with the protein sequence of the respective Danio rio ortholog as the query. 
The search resulted in the mRNA sequence for the orthologs.  
MapK orthologs were aligned with Clustal W. The protein kinase region of each 
gene was determined with Prosite and confirmed by comparison to the gene alignments. 
The regions upstream and downstream of the kinase region were truncated.  A phylogenic 
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tree was contructed with the Phylip software package. The programs PROTDIST and 
NEIGHBOR were used to create a tree. Boostrap values were determined for the various 
branches as follows. The sequence alignment was resampled 1000 times with boostraping 
variations with the program SEQBOOT. Distance matrixes were created for these 
alignments with the PROTDIST. Trees for each matrix were created with NEIGHBOR.  
The trees were analyzed with the program CONSENSE to determine bootstrap values for 
the branches.  
The full gene structure was mapped for A. mellifera and H. sapiens Erk7. Introns 
were determined by comparing predicted amino acid sequence to genomic sequence. 
 
Comparison of conserved/unconserved rate of evolution 
Erk7 orthologs for 11 Drosophila species (D. ananassae GF19228, D. 
melanogaster, D. sechellia GM22284, D. simulans GD16072, D. yakuba GE15459, D. 
erecta GG18986, D. virilis GJ19315, D. wilistoni GK25827, D. grimshawi GH11922, D. 
pseudoobscura GA17089, and D. persimilis GL16513) were found with BLASTP on ref 
seq proteins for the respective species genome at flybase. The 11 Erk7 orthologs were 
aligned in Clustal W.  The boundary between conserved and unconserved regions was 
determined by visually inspecting the alignment for where conservation of amino acids 
fell off rapidly. The conserved/unconserved boundary corresponds to an aspartic acid 
residue, which happens to be residue 359 in D. melanogaster. Each Erk7 sequence was 
split at the conserved/unconserved boundary. Each region was aligned and treed 
separately in Clustal W.  
 
Test for selection 
Erk7 orthologs from ten Drosophila species (same as last section; D. wilistoni was 
excluded because of high codon bias) and 6 mammal species (H. sapiens, M. musculus, 
R. norvegicus NP_775453, M. domestica XP_001370416, B. Taurus NP_001039575, and 
C.  familiaris XP_539201) were aligned separately with Clustal W and subjected to 
maximum likelihood analysis accounting for phylogeny using PAML (Yang, 1997). 
Individual codons were modeled assuming either no positive selection (0 ≤ ω ≤ 1; M7 
model) or allowing positive selection (0 ≤ ω ≤ 1 or ω is a discrete value greater than 1 
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derived from data; M8 model). Phylogenetic relationships among these taxa were taken 
from NCBI. A test statistic (2∆ℓ) was derived from differences in likelihood values (M8 
minus M7 values); p value was then determined by chi-square distribution using 2 
degrees of freedom (Yang, 1997; Yang et al., 2000). 
 
Determination of potential N-glycosylation sites. 
 Erk7 ortholog amino acid sequences were found for several ortholog as detailed 
above. These sequences were analyzed with Prosite to determine potential N-
glycosylation sites.   
 
Results 
Erk7 is a genuine ortholog 
I  have identified a set of proteins from three different phyla that represent 
orthologs of the Erk7 gene. Phylogenic analysis groups Erk7 as its own branch among the 
map kinases (Figure 4.1).  Honeybee Erk7 and human Erk7 share six introns (Figure 4.2). 
This is strong support that these genes share orthology.   
 
Erk7 is evolving rapidly 
Erk7 is the fastest evolving gene among the Map kinases, even when comparing 
only the protein kinase region of the genes. This can be seen in the branch lengths among 
the Erk7 orthologs compared to other map kinases. (Figure 4.1). For example, branch 
length separating two Drosophila species (D. melanogaster, and D. virilis) are 
comparable to branch lengths separating phyla in Erk1. This observation was true in all 
species pairs examined except for in Caenorhabditis (C. elegans and C. briggsae), where 
Erk7 divergence was the same as Erk1 divergence (99% similarity, 98% identity).  
 
Erk7s c-terminal region is diverging more quickly than its n-terminal region 
Erk7’s unconserved region is diverging even faster than its conserved region 
(Figure 4.3).  I have compared the c-terminal to the n-terminal region in orthologs from 
10 species of drosophila. I have applied phylogenic analysis to each region separately. 
The branch lengths, which correspond to divergence, are greater for the c-terminal region 
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of the gene than for the n-terminal region. Yet despite its substantial divergence, all Erk7 
orthologs have this unconserved c-terminal tail. 
 
Erk7 is undergoing positive selection in Drosophila and mammals 
I examined Erk7 for positive selection by characterizing ω, the ratio of 
normalized rates of non-synonymous and synonymous codon change (dN/dS), using 
maximum likelihood analysis in PAML (Yang, 1997; Yang et al., 2000). I analyzed the 
data with two models. The first model (M7) assumes that all codons have 0 ≤ ω ≤ 1, 
meaning negative (ω < 1) or no (ω = 1) selection. The second (M8) allows codons with 0 
≤ ω ≤ 1 or a discrete value (ω > 1; indicating positive selection) derived from the data. 
Here I use M7 (no positive selection) as null hypothesis and M8 (allowing positive 
selection) as the alternative hypothesis. The M8 model was significantly more likely than 
M7 in both Drosophila (p = 3.2e-5; 10 species examined) and mammals (p = 0.020; 6 
species examined) (Table 4.1), indicating that Erk7 has undergone positive adaptive 
change in these lineages. In contrast, the same analysis of Erk1 orthologs 
in Drosophila provided no evidence for positive selection. Although not analyzed here, 
other MAP kinases within these lineages (including the other two “big” MAP kinases, 
Erk3 and 5) all show low rates of divergence (dN ~ 0) and would not indicate positive 
selection using this approach. 
PAML provides a Bayesian method to estimate posterior probabilities for ω for 
individual codons (Yang, 1997; Yang et al., 2000). Although maximum likelihood 
indicated that “some” codons are under positive selection in Erk7 in both Drosophila and 
mammals, no individual codons show posterior probabilities > 0.9 for positive selection 
(ω > 1). However, codons that are most likely under positive selection are concentrated in 
the C-terminus of Erk7 in both Drosophila and mammals (Figure 4.4). 
 
There is a phylogenic distribution of potential N-glycosylation sites in Erk7 
 I have previously demonstrated a modification consistent with N-glycosylation in 
honeybee Erk7 (Chapter 4). Apparent protein size differences indicate that Plasmosdium 
Erk7 likely shares this modification (see discussion, Chapter 4). If this is true, then this 
modification is likely ancestral to animals. Potential N-glycosylation sites are present in 
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all animals examined, except for some mammals (Table 4.2). Those mammalian Erk7 
orthologs which do have a potential N-glycosylation site have only one. A single N-
glycosylation site is likely spurious (Hart, 1992). Therefore, this modification has likely 
been lost in the mammalian lineage.  
 
Discussion 
I have rigorously established Erk7s orthology through phylogenic analysis. Erk7 
is a rapidly evolving Map kinase, with an unconserved c-terminal tail that is diverging 
even faster than the serine/threonine kinase domain. Erk is undergoing adaptive 
evolutionary change in the Drosophila and mammalian lineages. Previous work (Chaper 
2) revealed that Erk7 is associated with behavioral plasticity. These findings show that 
Erk7 is associated evolutionary plasticity as well.  
Behavioral genes are important in the study of evolution because of their 
involvement in both adaptation and speciation (Peixoto, 2002). Erk7 and for are the two 
examples thus far of genes that are both associated with behavioral plasticity in 
honeybees, and undergoing adaptive evolutionary change. The hive-bee to forager 
transition in honeybees shows promise as a powerful model system for uncovering 
candidate genes for evolutionary plasticity. 
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Table 4.1. Maximum likelihood test for positive selection 
 n (species) 2∆ℓ p 
Drosophila Erk7 10 20.70 3.2e-
5 
Mammal Erk7 6 7.80 0.020 
Drosophila Erk1 10 ~0 1 
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Table 4.2. Number of potential N-glycosylation sites in Erk7 ortholog protein sequences. 
Species Potential N-Glycosylation sites 
Insects  
Apis mellifera 11 
Nasonia vitripennis 3 
Drosophila melanogaster, yakuba, grimshawi, persimilis             5 
Drosophila sechellia, simulans 6 
Drosophila erecta, ananassae 3 
Drosophila virilis 2 
Drosophila willistoni 8 
Tribolium castaneum 6 
  
Mammals  
Homo  sapiens 1 
Mus musculus 0 
Rattus norvegicus 0 
Canis lupus familiaris 0 
Bos taurus 1 
Monodelphis domestica 1 
  
Other Animals  
Gallus gallus 3 
Danio rerio 3 
Takifugu rubripes 1 
Caenorhabditis elegans 2 
Strongylocentrotus purpuratus 4 
  
Non-Animal  
Plasmodium falciparum 6 
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APPENDIX A 
ALTERATION OF HISTONE SUBUNIT H3 IS ASSOCIATED WITH 
HONEYBEE BEHAVIORAL PLASTICITY 
 
Introduction 
I was searching for a molecule with equal abundance in hive-bee and forager 
brains, for use as a loading control in quantifying Erk7 on western blots. Unexpectedly, 
an anti-body against histone H3 revealed much darker bands in brain samples from 
foragers than from hive-bees. Clearly, histone H3 would not be a suitable loading control. 
However, this unforeseen finding may be a valuable lead for further studies on the 
molecular basis of behavioral plasticity in honeybees.  
 
Method 
Nursing hive-bees and foragers were collected from a typical colony. Brains were 
dissected from four hive-bees and four foragers and western analysis was performed as 
described in chapter 2. The blots were probed (1:2500) with an antibody against the c-
terminus (within 100 residues) of histone subunit H3 (Abcam) followed by a rabbit 
secondary anti-body (Amershaw) 
 
Result 
Alteration of histone subunit H3 is associated with honeybee behavioral plasticity. In 
western analysis, the bands corresponding to histone H3 (17 kda) were more prominent 
for the forager samples than the hive-bee samples (Figure A.1). 
 
Discussion 
Histone H3 is one of the four proteins which together form the nucleosomal 
histone. Each of the four proteins are present in two copies, making an octamer.  The 
DNA polymer is wrapped around this histone octamer twice to form a nucleosome bead. 
Successive beads are joined with a segment of linker DNA between them. These “beads 
on a string” assemble into a higher order structures which ultimately form chromosomes.  
 Histone subunit H3 is very likely modified in the hive-bee phenotype in a way or 
to a degree not occurring with forager bees. Hive-bees and foragers have the same 
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number of histones. The greater detection by the histone H3 antibody in foragers is likely 
due to a modification blocking binding on hive-bee histone H3 proteins. Possible 
modifications include acetylation, methlylation, phosphorylation, and ubiquitylation 
(Peterson and Laniel, 2004). It is not known which modifications may interfere with 
binding of the histone H3 anti-body (Abcam). 
 Modification of histone proteins underlie gene expression. These modifications 
function to both open up densely packed chromatin to make it accessible to effector 
protein complexes and also to recruit these protein complexes. There is a complex and 
dynamic relationship between epigenetic modifications and gene expression patterns. 
Histone modifications (in concert with DNA methylation) form a nuanced language in 
which particular specifications have meaning as part of a larger context (Berger, 2007). I 
have shown that, subtle in meaning they may be, epigenetic modifications associated with 
honeybee behavioral plasticity are amenable to experimental detection and analysis. 
Understanding the epigenetic basis of long-duration behavioral states in honeybees will 
contribute to an integrative understanding of behavioral plasticity.  
 
References 
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F1        H1        F2        H2       F3        H3       F4       H4
Figure A.1. Histone subunit H3 immunoreactivity is greater in forager brains than in hive-bee brains. 
Macerated brains from foragers (F) and hive-bees (H) were ran in alternating lanes. The blot was probed 
with an antibody to histone subunit H3. The bands from the forager samples are darker than the bands 
from the hive-bee sample.
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